a Surfaces that can strongly repel various complex liquids, not just pure water, are highly desirable and the fabrication of such surfaces still remains a huge challenge because the liquids one wants to repel usually have a complex chemical composition, viscosity, and concentration. Here, a superhygrophobic surface microstructure was created on a polytetrafluoroethylene (PTFE) surface by femtosecond laser treatment. The laser-ablated surface was composed of a micro/nanoscale hierarchical structure and micropores with a certain degree of re-entrant curvature. After femtosecond laser ablation, the sample surface is directly endowed with superhygrophobicity and has great ability to repel various pure and complex liquids, such as water, 10 000 ppm bovine serum albumin, cola, 10 000 ppm glucose, juice, and saline. It is because the combined effect of the ultralow surface energy of the PTFE material, the laser-induced hierarchical rough microstructure, and the partly re-entrant surface curvature of the porous structure allows the complex liquid droplets to be at the robust Cassie state on the laser-induced surface microstructure. Such superhygrophobic surfaces can be potentially applied in cell engineering, medical instruments, food packaging, microfluidics technology, chemical engineering, and so on.
Introduction
There are many phenomena related to special wettability in nature. For example, the lotus leaf cannot be stained by silt and has a self-cleaning ability.
1 Water striders can jump and live on the water surface.
2 Butteries can shake off raindrops on its wings when ying in the rain. 3 Mosquito eyes have an antifogging function in a damp environment. 4 The desert beetle has the ability to collect fog/water. 5 It is found that these functions are derived from the superwetting microstructures on the surfaces of the organisms. [6] [7] [8] [9] Inspired by nature, a large number of superhydrophobic materials have been developed by the combination of designing special surface microstructures and appropriate chemical composition. [10] [11] [12] [13] [14] [15] Articial superhydrophobic materials have attracted much attention because of their broad applications in self-cleaning coatings, [16] [17] [18] antifog/ice/snow, [19] [20] [21] anti-corrosion for metals, 22 underwater drag reduction, 23, 24 cell engineering, 25, 26 oil/water separation, 27, 28 liquid/droplet manipulation, [29] [30] [31] lab on a chip, 32, 33 etc. The superhydrophobic surfaces have great repellence to pure water. However, liquids in real life are not limited to pure water and are oen in the form of more complex liquids. Materials that can repel complex liquids are also highly desirable and the fabrication of these materials is more difficult than that of the superhydrophobic surfaces because the liquids one wants to repel have a more complex chemical composition, viscosity, concentration, and lower surface tension. Marmur et al. suggested, when possible, using "superhygrophobicity" to express the phenomenon that a surface repels many liquids; that is, many liquid droplets on the substrate have a contact angle (CA) larger than 150 . 34 The "hygro" and "phobic" come from the Greek words for "liquid" and "fear", respectively. Until now, the superhygrophobic surfaces that have excellent ability to repel different complex liquids have rarely been reported, and the preparation of such surfaces still remains a pressing challenge.
In this paper, hierarchical porous surface microstructures with a certain degree of re-entrant curvature were fabricated on the polytetrauoroethylene (PTFE) surface by one-step femtosecond laser ablation. The wettability of different pure and complex liquid droplets (e.g., water, 10 000 ppm bovine serum albumin (BSA), cola, 10 000 ppm glucose, juice, and saline) on the resultant PTFE surface was investigated. It was demonstrated that the structured PTFE surface exhibit superhygrophobicity and low adhesion to these liquids. The formation mechanism of the excellent superhygrophobicity is also discussed.
Experimental section
In this experiment, the substrate material is PTFE which is broadly applied in our daily life and the industrial eld due to the advantages of chemical inertness, environmental stability, and low cost. The femtosecond laser ablation was used to form special microstructures on the PTFE surface. As shown in Fig. 1 , the PTFE sheet (thickness ¼ 0.3 mm) was previously xed on a program-controlled translation stage, and then a femtosecond laser beam was focused onto the PTFE surface through an objective lens (Â20, NA ¼ 0.40, Nikon, Japan). The femtosecond laser pulses were generated from a Ti:sapphire laser system (Libra-usp-he, Coherent, America), with the pulse width of 50 fs, the center wavelength of 800 nm, and the repetition rate of 1 kHz. The typical line-by-line laser scanning manner was used, as reported in our previous works. [35] [36] [37] The used laser power was set constantly at 15 mW. The scanning speed (v) and the interval (d) of the adjacent scanning lines can be easily adjusted by the control program during femtosecond laser treatment. Aer femtosecond laser ablation, the samples were cleaned with acetone, alcohol, and deionized water.
The microstructures of the femtosecond laser-ablated PTFE surfaces were observed by the scanning electron microscope (SEM, Quantan 250 FEG, FEI, America; Flex SEM 1000, Hitachi, Japan). The wettability of the sample surfaces was investigated through a contact-angle measurement (JC2000D, Powereach, China), including the CA and sliding angle (SA). All the values were measured at three different locations, and had an error margin within AE2
. Deionized water, BSA solution (in water), cola, glucose solution (in water), orange juice, and normal saline (9 mg mL À1 ) were used as the tested liquids. The solutions with different pH were obtained by diluting H 2 SO 4 and KOH with deionized water, respectively.
Results and discussion
Because of the extremely low surface free energy, PTFE substrate is an optimal candidate for achieving superhygrophobicity. 38 The physical and chemical properties of PTFE are very stable. Even aer storing in the strong acid/ alkali solutions, organic solvents, and at extreme temperature (À180 to +250 C), PTFE substrate can still maintain its original chemical composition and surface morphology. Such remarkable stability is a double-edged sword. It will bring huge difficulties to fabricate special microstructures on the PTFE surface via many common micromachining methods (e.g., template replication, self-assembly, chemical etching, and thermal annealing). The rough surface microstructure is very important for endowing the solid substrate with great liquid repellence. [39] [40] [41] [42] Fortunately, the femtosecond laser is able to ablate almost all of the known materials because of its ultra-short pulse width as well as extremely high peak intensity, even though the substrate materials have high melting point, anti-corrosion property, and high hardness/brittleness.
15,43-47 Therefore, the PTFE surface was ablated by focused femtosecond laser to induce special surface texture in this experiment.
Fig . 2 shows the SEM images of the textured PTFE surface which was ablated by femtosecond laser at the scanning speed of 4 mm s À1 and the scanning interval of 4 mm. The morphology of the substrate is characterized by a hierarchical porous microstructure ( Fig. 2a and b) . The protuberance parts between the microscale holes have the irregular shapes and are about several micrometers in size (Fig. 2c ). Both the top and the side of the protuberances are decorated with nanoscale protrusions and lumps with the diameter ranging from 100 nm to 1 mm (Fig. 2d ). The inset of Fig. 2d presents a schematic description of the framework of the microscale protuberances and the nanoscale protrusions/lumps. Such laser-induced porous microstructures and the hierarchical protuberances have a certain degree of the re-entrant surface curvature. 39 The formation of the rough porous microstructure is ascribed to two mechanisms (the laser-induced material removal and the polymer gasication) during the interaction between the femtosecond laser pulses and the PTFE surface. 48, 49 Through nonlinear ionization, the energy of the laser pulses could be easily absorbed by the electrons of the PTFE surface and then transferred to the lattice. Meanwhile, high-temperature (excess of 5 Â 10 4 K) and high-pressure plasmas formed above the substrate. With the plasmas nally expanding and bursting out of the ablation spot, the ablated materials were removed from the PTFE surface. Micro/nanoscale hierarchical rough microstructure was commonly generated aer the laser-induced material removal. The polymer surface was at an instantaneous molten state under laser pulses irradiation. The formation of gaseous products (i.e., gasication) also occurred and much of the generated gas ejected from the molten layer.
50,51
The path of the ejected gas nally turned to solid microholes as the laser-focused point moved forward and the molten polymer immediately cooled and solidied. In addition, the ejected molten particles caused by laser ablation were able to deposit and cast onto the substrate, forming the nanoscale protrusions and lumps. As a result, the femtosecond laser ablated PTFE surface had both micro/nanoscale hierarchical microstructures and pores.
Without chemical modication, the femtosecond laserstructured PTFE surface directly showed excellent repellence to various pure and complex liquids. For example, water droplet could bead up on the resultant surface with the CA of 155 and SA of 3 ( Fig. 3a and b) . In addition to the pure water droplet, the wettabilities of different complex liquids on the porous PTFE surface were also investigated. Fig. 3c glucose, juice, and saline droplets could easily roll away the resultant surface with the SA smaller than 10 ( Fig. 3b and Table   1 ), indicating ultralow adhesion between the superhygrophobic surface and these liquids. The repellence to various complex liquids allows the as-prepared PTFE surface to have a wider application area than the superhydrophobic materials. Table 1 shows the surface tension of different complex liquids and the wettability of those liquid droplets on the laserstructured PTFE surface. It can be found that the wettability of those liquids is not only determined by the surface tension, in comparison to pure water and oils. Many other properties (such as chemical composition, viscosity, and concentration) may also have important inuence on the wettability of the complex liquids. Fig. 4a shows the inuence of the liquid concentration on the wettability of the BSA droplet on the laser-treated PTFE surface. As the concentration of the BSA liquid increases from 100 to 50 000 ppm, all the measured CA values are higher than 150 and the SA values are less than 10 . The result demonstrates that the PTFE surface has superhygrophobicity and very low liquid adhesion in a wide range of BSA concentration. Such a range is much wider than that reported in Zhang's work (1000 ppm). 52 Only when the concentration further reaches up to 100 000 ppm, the CA decreases to 148 and the SA increases to 13 , indicating that the superhygrophobicity starts to weak beyond a critical value (50 000 ppm). Similarly, the surface can also exhibit superhygrophobicity to the glucose droplet with different concentration (Fig. 4b) . As the concentration increases from 100 to 100 000 ppm, the CA values ($153.5 ) and the SA values (#2 ) of the glucose droplets on the sample surface do not have a signicant change. In practical applications, the liquids inevitably have acid-base property. Strong acid or alkali solutions will cause the different degree of corrosion damage to the material surface. Fig. 4c describes the wettability of H 2 SO 4 and KOH droplets with different pH on the sample surface. All the measured CA values are above 150 with the pH ranging from 2 to 12. Therefore, the resultant superhygrophobic surface is also able to repel strong acid/alkaline solutions. The excellent liquid repellence of the laser-structured PTFE surface is attributed to both the chemistry and the femtosecond laser-induced special microstructure of the PTFE surface. There are a large amount of -CF 3 and -CF 2 groups on the PTFE surface (Fig. 4d) . Those groups have the lowest surface free energy in comparison to other kinds of chemical groups. 39, 53 It has been demonstrated that even the liquid droplet with low surface tension can be repelled by the proper re-entrant microstructures. 39 If the Young's CAs of the complex liquids on the at solid substrate are less than 90 , the liquids are unable to be at the stable Cassie state on a textured surface without reentrant structure because of the inherently hygrophilic property. However, when the complex liquid droplet is placed on the femtosecond laser-ablated PTFE surface, a trapped air cushion will form between the droplets and the sample surface. As shown in Fig. 4e , many convex liquid meniscuses in the downward direction form between the surface microstructure (i.e., the protuberance parts between the microscale holes). The meniscus gives rise to an upward net traction on the liquid/air interface, which is inclined to drive the liquid/air interface to recede to the top edge of the microstructures. 39 Such net traction can prevent the complex liquids from further penetrating into the microholes. As a result, the substrate is difficult to be wetted by the complex liquids and the droplets are at the robust Cassie state on the re-entrant porous microstructure. By contrast, regarding the surface microstructure without reentrant curvature, the hygrophilic substrate is easily wetted by the liquid because the concave liquid meniscuses in the upward direction can cause a downward net traction on the liquid/air interface.
39 Therefore, the combination of the ultralow surface energy of the PTFE material, the laser-induced rough micro/ nanoscale hierarchical microstructure, and the partly reentrant surface curvature of the porous structure play a crucial role in the formation of the superhygrophobicity of the femtosecond laser-ablated PTFE surface.
During the femtosecond laser treatment, the scanning speed and the interval of the scanning lines can be easily changed by the control program. Every laser pulse can ablate a single crater on the PTFE surface. When the (v, d) is smaller than (12 mm s À1 , 12 mm), the adjacent craters are strongly overlapped, forming uniform rough surface microstructures (Fig. 5a-c) . For the (v, d) above (12 mm s À1 , 12 mm), the craters keep their inherent shape and are separated with each other (Fig. 5d-f ), because the distance between the craters is larger than the diameter of the craters. Non-ablated region appears between the micro-craters. As shown in Fig. 5g, as the (v, d) Therefore, the CA decreases and the SA increases with increasing the v and d. Such a change trend is ascribed to the decline of the average surface roughness; that is, the laser ablation will become weaker and more non-ablated region appears as the v and d increase. Durability is very important for the laser-structured superhygrophobic surface in practical long-term applications. Therefore, the rough PTFE surface keeps its superhygrophobicity aer heating treatment. Wear resistance is also investigated by a standard abrasion test. A sandpaper (800 mesh) is used as the friction mating, and the sample with a loading weight of 50 g is pulled forward for 10 cm on the sand paper. It is found that the surface can maintain superhygrophobicity and ultralow liquid adhesion to water and BSA droplets within 12 abrasion cycles, demonstrating good abrasion-resistant ability of the laser-structured PTFE surface ( Fig. 6c and d) . In addition, the superhygrophobic PTFE surface is still able to repel water and BSA droplets aer immersion in a series of corrosive solutions for 24 h, including 10 M sodium hydroxide solution, 98% concentrated sulfuric acid, 40% hydrouoric acid solution, and even aqua regia ( Fig. 6e and f) . Such durability of the superhygrophobicity is ascribed to the inherent chemical inertness of the PTFE substrate and the laserinduced surface microstructures.
Conclusions
The hierarchical porous surface microstructure with a large number of microscale pores and a certain degree of re-entrant surface curvature is created on the PTFE substrate through one-step femtosecond laser ablation. Without the need of further chemical modication, the resultant surface shows superhygrophobicity and has great ability to repel various pure and complex liquids, such as water, 10 000 ppm BSA, cola, 10 000 ppm glucose, juice, and saline, because these droplets can be at the robust Cassie state on the laser-induced special surface microstructure. The excellent superhygrophobicity is ascribed to the combined effect of the ultralow surface energy of the PTFE material, the laser-induced rough micro/nanoscale hierarchical structure, and the partly re-entrant surface curvature of the porous structure. We believe that the resultant superhygrophobic surfaces will have potential applications in cell engineering, medical instruments, food packaging, microuidics technology, chemical engineering, etc.
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